Aims Accurate measurement of left ventricular outflow tract diameter (LVOTd) is essential for reliable estimation of aortic valve area (AVA) using the continuity equation. Transesophageal echocardiography (TEE) can accurately delineate the LVOT. The aim of this study was to assess the accuracy and reproducibility of LVOTd measurement using transthoracic echocardiography (TTE) with harmonic imaging when compared with TEE, in both systole and diastole. Methods and results We prospectively studied 50 patients [20 with aortic stenosis (AS) and 30 without AS]. LVOTd was measured offline in a blinded fashion in both systole and diastole by two experienced observers using TTE in the parasternal long axis view and TEE in the mid-oesophageal aortic view (1308). There was strong correlation between TTE and TEE (r ¼ 0.91). LVOTd was slightly smaller by TTE when compared with TEE (2.11 + 0.21 vs. 2.16 + 0.22 cm, mean difference 20.05 + 0.09 cm, P ¼ 0.0003). Compared with TEE, 95% (2SD) of LVOTd measurements by TTE were within þ0.14 and 20.24 cm. Inter-and intra-observer variability for LVOTd was 4.8 + 4.1 and 2.8 + 1.9% for TTE and 4.2 + 3.1 and 2.5 + 1.6% for TEE (P ¼ 0.4 and 0.6). In patients with AS, estimated AVA was 0.93 + 0.22 cm 2 using TTE and 0.96 + 0.24 cm 2 using TEE, P ¼ 0.08. Diastolic LVOTd by TEE was slightly smaller compared with systolic LVOTd by TEE (20.03 + 0.07 cm, P ¼ 0.0005), and there was strong correlation between the two (r ¼ 0.95). Conclusion We present the data regarding accuracy and reproducibility of LVOTd measurements by TTE when compared with TEE. LVOTd measurements at end-diastole may be helpful when systolic images are suboptimal.
Introduction
The non-invasive echocardiographic evaluation of patients with aortic stenosis (AS) routinely involves aortic valve area (AVA) estimation using the continuity equation. 1 The continuity equation has been validated in a variety of clinical and in vitro studies. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Continuity equation:
where CSA LVOT is the left ventricular outflow tract cross-sectional area, TVI OT time-velocity integral of the outflow tract flow, and TVI AS time-velocity integral of the aortic flow. Outflow tract and aortic velocities (V OT and V AS ) can be used instead of TVI OT and TVI AS with little effect on the accuracy of AVA estimation. 1, 7 CSA LVOT is calculated using the formula Area ¼ pr 2 where r is half of the left ventricular outflow tract diameter (LVOTd) measured from the parasternal long axis view, assuming a circular shape of the LVOT. LVOT area can be measured directly using threedimensional (3D) echocardiography, computerized tomography (CT), or magnetic resonance imaging (MRI); however, 3D echocardiography has currently limited spatial resolution and CT and MRI are impractical for routine assessment of AS.
Although initial studies reported excellent accuracy and reproducibility of the continuity equation, its performance was not as good in later reports and LVOTd measurement is considered the weakest link in AVA estimation. [3] [4] [5] 9, 11, 12 Because the radius is squared, small errors in LVOTd measurement will be compounded, especially when the LVOTd is small. Transesophageal echocardiography (TEE) allows excellent view of the LVOT and accurate measurement of the LVOTd. 13 Although systolic measurements of the LVOTd should be used in the continuity equation, in some patients the LVOT is difficult to image in systole using TTE, whereas it is clearly seen at the end of diastole. There is very little data, however, regarding the correlation between systolic and diastolic LVOTd measurements. The purpose of this study was to assess accuracy and reproducibility of LVOTd measurements using TTE by comparing them with TEE measurements, and compare diastolic with systolic LVOTd measurements.
Methods

Patient population
We prospectively studied 50 patients referred for TEE using TTE and TEE. Patients were referred for TEE for various clinical indications ( Table 1) . We enrolled in the study 20 consecutive patients with AS. We also enrolled 30 patients without AS referred for TEE during the study period, which constituted all the patients in whom TEE was performed by one of us (AS or SA) in the echocardiography laboratory on a non-emergency basis. In each of these 50 patients, the LVOT was carefully studied, prospectively, for the purpose of the present study. Patients with prosthetic valves or subaortic obstruction were excluded from the study. None of the patients were excluded because of poor image quality.
Echocardiography
Transthoracic echocardiography was performed using second harmonic imaging and a commercially available echocardiographic system (Sonos 5500, Agilent Technologies, Palo Alto, CA, USA) and a 1-3 MHz broadband transducer. A complete echocardiographic study was performed using standard views and techniques. The LVOT was imaged from the parasternal long axis view using harmonic imaging. Special care was taken to maximize LVOT diameter, using the imaging plane which bisects the circular LVOT through its true diameter, and to optimize the image for best LVOT border delineation. Magnified cine-loops of the LVOT area were digitally stored for offline analysis. In patients with AS, LVOT flow velocity was measured from the apical view using pulsed wave Doppler, and maximal aortic velocity was measured using continuous Doppler from the apical, suprasternal, and right sternal views as previously described, and the maximal velocity recorded. 4 A complete TEE examination was performed using a multiplane broadband (4-7 MHz) TEE probe and the same ultrasound machine. The LVOT was imaged from the mid-oesophageal position in the longitudinal aortic view usually at 1308. The aortic valve was positioned in the middle with the ascending aorta horizontal, maximizing the LVOT diameter ( Figure 1) . Magnified TEE cine-loops of the LVOT area were digitally stored for offline analysis.
The LVOTd was measured offline from the TTE and TEE cine-loops by two experienced echocardiographers in a blinded fashion (TTE vs. TEE). First, the LVOTd was measured at mid-systole just below the insertion of the aortic valve leaflets ( Figure 1A) . 6 Second, the LVOTd was measured at the end of diastole just before the aortic valve opening, in a blinded fashion (systole vs. diastole), more than 1 month after the systolic measurements ( Figure 1B) . For each measurement, three cardiac cycles were recorded and averaged. Final LVOTd measurements were the average of the two observers. Intra-observer variability was assessed in 10 consecutive patients by repeating the measurements by the two observers at least 1 month after the initial analysis. The AVA was calculated using the continuity equation from LVOTd data derived from TTE or TEE, and the Doppler data derived from TTE.
Statistical analysis
Continuous variables are presented as means + SD, and compared using paired or unpaired t-test as appropriate. TTE and TEE measurements of LVOTd and AVA were compared using BlandAltman plots and correlated using linear regression analysis.
14 Inter-and intra-observer variability was determined as absolute difference divided by the average of the two measurements, and mean difference + SD. 15 Differences were considered statistically significant at the two-sided P , 0.05 level.
Results
The patient characteristics are summarized in Table 1 .
Systolic LVOTd measurement by TTE vs. TEE
Left ventricular outflow tract diameter was slightly smaller when measured by TTE when compared with TEE, 2.11 + 0.21 vs. 2.16 + 0.22 cm, mean difference 20.05 + 0.09 cm, P ¼ 0.0003. There was strong correlation in LVOTd measurements between TTE and TEE ( Figure 2) . Bland-Altman plot shows the agreement and +2SD (95%) limits for LVOTd measurements by TTE when compared with TEE ( Figure 3) . The agreement between TTE and TEE measurements was similar for patients with small LVOTd and patients with large LVOTd, and for patients with AS and patients without AS. The difference between TTE and TEE measurements was 20.06 + 0.09 cm for patients with an optimal TTE window (n ¼ 40, r ¼ 0.92) and 20.014 + 0.12 cm for patients with a suboptimal TTE window (n ¼ 10, r ¼ 0.87).
In patients with AS (n ¼ 20), LVOTd was 2.08 + 0.25 cm by TTE and 2.11 + 0.25 cm by TEE, mean difference 20.04 + 0.09 cm, P ¼ 0.08. Estimated AVA using the continuity equation was 0.93 + 0.22 cm 2 using TTE measured LVOTd and 0.96 + 0.24 cm 2 using TEE measured LVOTd, P ¼ 0.08. Bland-Altman plot shows the agreement and +2SD (95%) limits for AVA measurements using TTE derived LVOTd vs. TEE derived LVOTd (Figure 4) . The definition of severe AS (AVA 1 cm 2 ) was disconcordant between TTE and TEE in two patients (10%).
Systolic vs. diastolic LVOTd measurements
There was a strong correlation between systolic and diastolic LVOTd measurements [r ¼ 0.95 for TEE ( Figure 5 the agreement and +2SD (95%) limits for AVA measurements using diastolic vs. systolic TEE derived LVOTd ( Figure 7) . The definition of severe AS (AVA 1 cm 2 ) was concordant between diastolic and systolic TEE derived LVOTd in all patients, and disconcordant between diastolic and systolic TTE derived LVOTd in two patients.
Reproducibility of LVOTd measurements
Inter-and intra-observer variability for LVOTd measurements is presented in Table 2 .
Discussion
Earlier studies using older equipment without harmonic imaging and selected patients reported strong correlation between echocardiographic derived AVA using the continuity equation and catheterization derived AVA using the Gorlin formula (r ¼ 0.89-0.92). 2, 8 Newer studies evaluating accuracy of TEE derived AVA using planimetry of the aortic valve reported less optimal correlation (r ¼ 0.66-0.7) between the same two measurement methods. 3, 5 Reproducibility of the continuity equation was questioned, especially with regard to LVOTd measurements (r ¼ 0.36). 12 Using TEE as a reference in a representative population of unselected patients, we found that TTE slightly underestimated LVOTd by an average of 0.5 mm (Figures 2-4 ). This small difference is probably unimportant clinically.
Although inter-and intra-observer variability with TEE was better when compared with TTE, the difference was not statistically significant, and compared well with older studies (inter-observer variability was 6% in the study of Lewis et al. vs. 4.8 + 4.1% in the present study). 6 Furthermore, the standard deviation of TTE vs. TEE measurements (Figure 3) was smaller than the inter-observer variability using TEE (+0.09 vs. +0.11 cm). Although subaortic calcification can make LVOTd measurements more difficult, we found no difference in the accuracy of LVOTd measurements by TTE when compared with TEE in patients with AS compared with patients without AS (Figures 2 and 3) . Such subvalvular calcifications should probably be ignored when measuring LVOTd. 8 We also found no significant difference in the absolute error of LVOTd measurements between smaller and larger LVOTd values, but the same error in a smaller LVOTd will result a larger error in the final AVA estimation.
Diastolic LVOTd measurements
Traditionally, LVOTd measurements are made in mid-systole, at the same time during the cardiac cycle the LVOT flow velocity measurements are made. 1, 2, 4, 7, 9, 11 In some of the patients, image quality is suboptimal during systole and the LVOT is not clearly delineated, whereas it is clearly seen and easily measured at the end of diastole ( Figure 1B) . Liv Hatle 8 suggested more than 20 years ago that the LVOTd can be measured at the end of diastole, based on a small study involving 10 patients and showing no significant difference between mean systolic and diastolic LVOTd measurements. 16 In this study, using highquality TEE images, we found strong correlation between systolic and diastolic LVOTd measurements ( Figure 5) . Diastolic LVOTd by TEE was slightly smaller than systolic LVOTd (0.03 cm), but this small difference resulted in a small difference in AVA which is not clinically important. The reason for the lack of change between systole and diastole is the relatively rigid aortic valve annulus. 17 
Study limitations
LVOT area and AVA were not measured directly in this study, for lack of a true 'gold standard'. CT or MRI, methods that can measure directly the LVOT area, was not used in this study. The assumption that the LVOT shape is circular was also challenged. 18 Direct measurement of AVA using TEE has limitations, and the limitations of AVA calculations using cardiac catheterization and the Gorlin formula are well known. 3, 5, 8, 19 Spevack et al. 20 found wide variation between AVA using the continuity equation and catheterization derived AVA, even after correction for pressure recovery. TEE, however, is an excellent modality to study the LVOT with high-resolution, unobstructed images using the best axial resolution from an ultrasound beam which is perpendicular to the LVOT borders. Fan et al. 13 have shown strong correlation between LVOTd and the aortic homograft selected for the patients. We found TEE LVOTd measurements to be highly reproducible.
Inter-and intra-observer variability included only the measurement component and not the recording component of LVOTd, and the combined variability could be somewhat greater. Nevertheless, the correlation between TTE and TEE measurements, which included also the recording component, was excellent.
Patients with prosthetic valves were not included in this study, and our findings may not apply to patients with prosthetic valves.
Clinical implications for LVOTd measurements
The present data can aid sonographers and physicians in several ways. TEE derived LVOTd can be used as a reference while training inexperienced personnel. When image quality is suboptimal during systole and the LVOT is clearly seen at the end of diastole, LVOTd measurement at the end of diastole may be helpful. In the few patients with an unacceptable parasternal acoustic window, TEE can be used both for planimetry of AVA and for accurate measurement of LVOTd to be used with TTE or TEE derived Doppler data in the continuity equation. Last, this data can be used to estimate the LVOTd-related error and confidence interval of AVA estimation using the continuity equation.
The final decision whether or not to send the patient for surgery should depend heavily on the patient's symptoms as well as other clinical and echocardiographic parameters, such as aortic valve calcification and leaflet mobility, trans-aortic gradients and left ventricular function. 21 AVA, although important, is just one parameter in the final decision. 
